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Abstract
In order to study the influence of machining methods and parameters on the surface quality of carbon fiber reinforced compos-
ites (CFRP) in the cutting process, the finite element simulation model of ultrasonic-assisted cutting CFRP was established, the 
simulation results show that the introduction of ultrasonic reduces the damage degree of CFRP in the cutting process, and the tool 
attached torsional ultrasonic vibration effect is the most significant. The ultrasonic-assisted torsion and longitudinal cutting tests 
of CFRP disc were carried out respectively, and compared with the ordinary cutting process, the experimental results show that 
the introduction of ultrasonic changes the fracture mode of fiber and effectively reduces the surface roughness. The fiber cutting 
angle (the angle between the cutting speed direction and the fiber direction) is the main factor affecting the surface roughness of 
CFRP, the effect of ultrasonic is better in the low-speed area, and the direction of fiber can be weakened by high-speed process-
ing. When the amplitude is in the range of 0 ~ 6 μm, with the increase of amplitude, the advantage of ultrasonic is more obvious, 
and the inhibition of the influence of fiber directivity is more obvious. The results show that large amplitude and small cutting 
speed can achieve better ultrasonic machining effect; large vibration amplitude and high cutting speed can effectively suppress 
the influence of fiber directivity. The results are helpful for the high-quality processing of CFRP and other composite materials.
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1 Introduction

Composite material is a new type of high performance material 
obtained by a series of processing processes of some reinforc-
ing phase materials and matrix materials, which is a new type of 
low density thermal structure material rapidly developed in recent 
years [1]. Compared with ordinary metal materials, composite 
materials have the advantages of low density, high strength, and 
low coefficient of thermal expansion and have been widely used 
in the aerospace field [2]. The consumption of composite materi-
als for the body of the new generation of large civil aircraft has 
increased from 2% of the whole machine quality in 1950 to about 
50% at present and is mainly used in the manufacture of core 
parts of key parts of aircraft [3]. CFRP has gradually become the 
leading material in key parts of the aviation field [4]. Usually, 
CFRP is made by “near net forming” process; the structure and 

materials of complex components are designed and manufactured 
in an integrated way, so as to improve processing efficiency and 
reduce assembly steps; however, in order to make the components 
meet the geometric dimension and shape accuracy required by the 
parts, the secondary processing after material forming is inevita-
ble [5]. The defects such as delamination, burr, and edge collapse 
are easily produced by the traditional secondary processing, which 
seriously affect the quality and performance of processed CFRP 
[6]. Therefore, the study on how to improve the processing qual-
ity and comprehensive performance of CFRP has certain guiding 
significance for the application of CFRP in the industrial field.

In recent years, many experts have conducted many correspond-
ing studies on ultrasonic-assisted machining; the main components 
of ultrasonic system include ultrasonic power supply, transducer, 
and horn [7, 8]. Ultrasonic-assisted cutting is a combination of 
ultrasonic vibration machining technology and traditional cutting, 
in order to achieve better machining results [9]. Ultrasonic-assisted 
cutting changes the material removal mechanism, effectively 
increasing the material removal rate, reducing cutting force, cut-
ting heat, reducing tool wear, and improving machining accuracy 
and quality [10, 11]. Wang et al. [12] established the grinding 
force model of horizontal ultrasonic vibration grinding CFRP 
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and found that the grinding force decreased with the increase of 
ultrasonic amplitude. Patil et al. [13] conducted finite element 
simulation and experimental research on ultrasonic-assisted cut-
ting of Ti6Al4V and found that the introduction of ultrasonic 
can significantly reduce the cutting force and reduce the cutting 
temperature. Muhammad et al. [14] conducted ultrasonic-assisted 
grinding experiments on SiCp/Al, and the results showed that com-
pared with traditional grinding, ultrasonic-assisted grinding can 
improve the surface quality of materials. Liu et al. [15] found that 
the introduction of ultrasonic can significantly improve the quality 
of machined edges through ultrasonic-assisted milling of carbon 
fiber–reinforced silicon carbide matrix composites. Through the 
research of the above scholars, it is found that ultrasonic-assisted 
processing has better processing effect than traditional processing. 
In this paper, ultrasonic-assisted cutting is introduced to improve 
the surface quality of CFRP.

Compared with isotropic traditional metal materials, the struc-
tural heterogeneity and mechanical anisotropy of CFRP materials 
lead to more complex removal process, worse machinability, and 
more serious damage on the machined surface [16]. The influence 
of the non-uniformity of CFRP structure in the cutting process 
is mainly manifested in the interaction between the reinforced 
base fiber and the matrix resin alternately and the cutting edge 
of the tool; however, the removal mechanism of fiber and resin is 
completely different, so under the action of the same cutting edge, 
the fiber is easy to pull out, the resin is easy to fall off, and the 
laminates between layers are easy to produce delamination, tear-
ing and other damage, which will directly affect the quality of the 
processed surface [17]. Lou et al. [18] found through grinding tests 
on carbon fiber composites that fiber angle has a great impact on 
roughness, and the damage form also changes with the change of 
fiber angle. Chen et al. [19] conducted experiments on ultrasonic-
assisted milling of 2D  Cf/SiC composites and found that appropri-
ate amplitudes promoted material removal and reduced the rough-
ness of the machined surface. IK [20] conducted orthogonal cutting 
experiments with unidirectional glass fiber–reinforced composites 
and studied the correlation between the machined surface rough-
ness and the geometric parameters of the tool, cutting speed, cut-
ting depth, and other parameters. After that, IK et al. [21] proposed 
a new method to optimize cutting parameters and verified the cor-
rectness of the optimization method by drilling braided composites. 
It can be seen from the above that the machining parameters have 
a close influence on the surface quality.

To sum up, ultrasonic vibration is a very effective tech-
nology for machining composite materials. At present, the 
research on ultrasonic vibration turning CFRP mostly focuses 
on the optimization of parameters and the improvement of pro-
cessing technology, while the research on the material removal 
mechanism of ultrasonic vibration cutting CFRP is very small. 
In the process of ultrasonic-assisted cutting of CFRP, the 
introduction of ultrasonic vibration changes the force, energy, 
motion track, etc. between the tool and the workpiece, which is 
bound to affect the removal mechanism of CFRP in the cutting 

process and then affect the surface quality of CFRP; attention 
should be paid to this research direction. This paper intends 
to reveal the influence mechanism of processing methods and 
processing parameters on surface quality through the combina-
tion of experiment and simulation.

2  Establishment of finite element 
simulation model

2.1  Establishment of constitutive model

CFRP is composed of reinforcing fiber and matrix resin, 
and its mechanical properties are much more complex than 
metal materials due to anisotropy. From the microscopic 
scale, the resin matrix of CFRP is elastoplastic, while the 
reinforced fiber is brittle. From the macroscopic scale, 
CFRP is composed of several layers of unidirectional lami-
nates bonded through the matrix at different angles. There-
fore, CFRP is a typical anisotropic material, and its material 
should meet the constitutive relation of Eq. (1) [22].

where 1, 2, and 3 respectively represent the three directions 
of x, y, and z axis; Cij represents the stiffness matrix compo-
nent, and i, j = 1 ∼ 6 ; �i is the stress component; �i is the strain 
component. The stiffness matrix is expressed as Eq. (2).
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E1, E2, and E3 are tensile-compressive modulus in the 
x, y, and z axes respectively; G12, G13, and G23 are the 
shear modulus in xy, xz, and yz directions respectively; 
�12, �13, �23 are Poisson’s ratios in xy, xz, and yz directions 
respectively.

The failure modes of carbon fiber–reinforced compos-
ites, such as fiber fracture, interlayer delamination, and 
fiber-matrix debonding, have the same characteristics 
under dynamic and static loads. The failure criterion under 
quasi-static analysis can be used for reference in the analy-
sis considering the strain rate effect of composite materials 
[23, 24]. The damage and failure of CFRP are generally 
divided into two forms: interlaminar damage and inter-
laminar damage; the interlaminar damage includes fiber 
fracture and matrix cracking. In this section, the Hashin 
failure criterion [25] provided by the ABAQUS finite ele-
ment software is used to establish the simulation model of 
CFRP. Four failure modes mainly include the following: 
tensile damage and compression damage of fibers, crack-
ing and crushing of matrix [26, 27].

The tensile damage and compressive damage of fib-
ers are dominated by axial stress, where the fiber stretch (
𝜎11 < 0

)
 and the fiber compression 

(
𝜎11 < 0

)
 The initial 

damage to the fiber usually occurs in the tangential sec-
tion of the fiber and then rapidly spreads throughout the 
fiber cross section, eventually causing tensile or fracture 
failure of the fiber material. The expression of failure fac-
tor criterion is:
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in the fiber direction, YT is the transverse tensile strength per-
pendicular to the fiber direction, YC is the transverse compres-
sive strength perpendicular to the fiber direction, ST is the in-
plane fiber direction shear strength, SC is the transverse shear 
strength perpendicular to the fiber, Ft

f
 is the fiber compression 

fracture energy, Fc

f
 is the tensile breaking energy of the fiber, 

FT
m
 is the tensile fracture energy of the matrix, and Fc

m
 is the 

compressive fracture energy of the matrix.
The process from damage to complete failure of CFRP is 

a gradual accumulation; therefore, after the failure is judged 
by Hashin criterion, the damage factor of CFRP is introduced 
according to Matzenmiller’s research results [28]. The corre-
sponding damage stiffness matrix can be expressed by Eq. (8).

The global damage variable of fiber failure is 
df =

(
1 − dft

)(
1 − dfc

)
 ; the damage factors corresponding 

to fiber tension and fiber compression are dft, dfc . The global 
damage variable of matrix failure is dm =

(
1 − dmt

)(
1 − dmc

)
 ; 

the damage factors corresponding to matrix tension and matrix 
compression are dmt, dmc. Table 1 shows the performance 
parameters used in the simulation.

The explicit module of ABAQUS/CAE finite element analy-
sis software is used to simulate the cutting process. Through 
programming language, uniformly distributed reinforced car-
bon fibers are generated in the resin matrix, the volume of 
reinforcing phase accounts for 60% of the total composite, 
and the average fiber diameter is 7 μm. To simulate the real 
material cutting process, a cohesive element is added between 
the matrix and the reinforcement phase to simulate the inter-
facial phase. The tool is constrained into a rigid body with 
a front angle of 5° and a back angle of 7°, set the tangential 
friction coefficient to 0.2 in the contact setting, add the speed 
Vt = 40 m/min in the load setting, and the ultrasonic vibration 
is characterized by the periodic amplitude function. In order 
to balance the relationship between the simulation time and 
the accuracy of the simulation results, the meshes near the 
machining tool and the workpiece interface layer are refined.

2.2  Micro simulation of ultrasonic‑assisted cutting 
CFRP

The anisotropic mechanical properties of CFRP lead to 
the significant influence of machining mode on the surface 
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morphology. The cutting force clouds and damage levels 
for 90° orthogonal cutting of 0° layered CFRP with differ-
ent machining methods and the same cutting parameters 
(Vt = 40 m/min, f = 35 kHz, A = 4 μm) are given in Fig. 1. 
Where Vt is the cutting speed of the tool, f is the frequency 
of ultrasonic vibration, and A is the amplitude of ultrasonic 
vibration. In Fig. 1b, the additional torsional vibration of 
the tool reduces the average normal force, which shows that 
the color of stress distribution in the whole cutting force 
cloud is the lightest, and only a small area of dark color 

appears in the most front of the cutting edge; due to the 
effect of ultrasonic impact force, the instantaneous energy 
of cutting edge is higher, which leads to the fracture of the 
cut fiber in the form of broken before bending, and even the 
hole appears in the front of the tool tip, indicating that the 
torsional vibration of the tool changes the fracture mode of 
the fiber. In Fig. 1c, the additional longitudinal vibration 
of the tool makes periodic contact and separation between 
the tool and the workpiece, which reduces the cutting force 
and cutting heat and increases the impact of the tool on the 

Table 1  Mechanical properties of CFRP (T300) [29, 30]

Material property parameters Numerical value Material property parameters Numerical value

Tension compression modulus E1/MPa 135,000 Shear modulus G12/MPa 4590
Tension compression modulus E2/MPa 8500 Shear modulus G13/MPa 4590
Tension compression modulus E3/MPa 8500 Shear modulus G23/MPa 2900
Poisson’s ratio ν12 0.3 Longitudinal tensile strength XT/MPa 1298
Poisson’s ratio ν13 0.3 Longitudinal compressive strength XC/MPa 1068
Poisson’s ratio ν23 0.45 Transverse tensile strength YT/MPa 64
Shear strength S12/MPa 96 Transverse compressive strength YC/MPa 185
Shear strength S13/MPa 96 Interlaminar tensile strength ZT/MPa 64
Shear strength S23/MPa 84 Layer compressive strength ZC/MPa 185

Fig. 1  CFRP cutting force 
nephogram and damage 
(θ = 90°). a Ordinary cut-
ting. b Torsional ultrasonic-
assisted cutting. c Longitudinal 
ultrasonic-assisted cutting

(b)

(c)
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workpiece, which is helpful for the removal of materials and 
the discharge of chips, while the cloud (Fig. 1a) of the cut-
ting force cloud for conventional machining has a relatively 
dark color of stress distribution and a wide range of stress 
diffusion. The reason for this is that the cutting forces on 
both sides of the tool exceed the critical limit of delamina-
tion during conventional machining, which in turn leads to 
serious delamination.

In order to quantitatively study the influence of cut-
ting mode and fiber cutting angle on the damage degree of 
CFRP, finite element cutting simulations were performed 
for CFRP with four different fiber cutting angles (θ = 0°, 
θ = 45°, θ = 90°, θ = 135°) under the same cutting parameters 
(Vt = 40 m/min, f = 35 kHz, A = 4 μm). The maximum length 
from the cutting edge surface to the deepest damage posi-
tion was used to represent the surface damage degree Ld; 
the evaluation mode adopts the maximum failure degree of 
CFRP caused by cutting process as shown in Fig. 2. In order 
to ensure the reliability of Ld measurement, the maximum 
damage degree on the left and right sides of the cutting edge 
was measured three times, and the average value was taken 
as the final result.

The variation patterns of CFRP damage degree Ld and 
fiber orientation angle for different machining methods and 
the same cutting parameters (Vt = 40 m/min, f = 35 kHz, 
A = 4 μm) are given in Fig. 2; it can be seen from the fig-
ure that the introduction of ultrasonic reduces the damage 
degree of CFRP to varying degrees, and the damage degree 
of CFRP under torsional vibration mode is the smallest. 
With the change of fiber angle, the change trend of damage 
degree characteristic Ld is similar no matter which process-
ing method is used. When 0° < θ < 90°, the damage degree 
of the three different machining methods increases with the 
increase of the fiber cutting angle, and the damage degree 
Ld reaches the maximum value near θ = 90°. When θ > 90°, 
the degree of damage shows a decreasing trend. The reason 

is that when CFRP is processed in different ways, the instan-
taneous cutting force of cutting fiber is different, resulting in 
different damage changes.

Figure 3 shows the damage analysis of vertical cutting 
CFRP under different machining methods and the same 
machining parameters (Vt = 40 m/min, f = 35 kHz, A = 4 μm). 
It can be seen from Fig. 3a that traditional cutting has the 
most damage, a large range of matrix debonding occurred 
on both sides of the material contacted by the tool tip, the 
debonding point of the fiber matrix is far away from the 
cutting edge of the tool, the failure area of the resin matrix 
around the cutting edge is large, and after the partially failed 
substrate falls off, the substrate adheres to the cutting edge 
due to cutting heat and moves simultaneously with the feed 
of the cutting edge. In Fig. 3b, the debonding point is clos-
est to the tool fiber contact point, and matrix failure rarely 
occurs, but the CFRP around the tool has holes, which does 
not appear in other processing methods. In Fig. 3c, the tool 
additional longitudinal vibration debonding point is closer 
to the tool fiber contact point than the traditional processing, 
there are few matrix failures in the local state after amplifica-
tion, and there is almost no matrix bonding tool.

Figure 4 shows the damage analysis of cutting CFRP at 
a fiber cutting angle of θ = 45° under different processing 
methods and the same processing parameters (Vt = 40 m/
min, f = 35 kHz, A = 4 μm). It can be seen from the figure 
that different degrees of resin matrix cracking occurred 
between processed fiber and processed CFRP under the three 
processing methods. Due to the plastic deformation of CFRP 
matrix, the processed material has rebound phenomenon, so 
the interlaminar cracking phenomenon at other positions of 
the processed material is significantly weakened, especially 
when the vibration direction in Fig. 4c is perpendicular to 
the cutting direction.

Figure 5 shows the damage analysis of cutting CFRP at 
a fiber cutting angle of θ = 135° under different processing 
methods and the same processing parameters (Vt = 40 m/
min, f = 35 kHz, A = 4 μm). It can be seen from Fig. 5a that 
cracking occurs between fibers just below the tool tip in 
traditional cutting, while no interlayer cracking is found 
in the other two machining methods. During the torsional 
vibration machining in Fig. 5b, a cavity appears under 
the tool tip due to the impact force of the tool. The fibers 
near the cutting angle of this fiber are subject to bend-
ing deformation under the action of cutting force, mainly 
bending fracture.

3  Test conditions and test plan

The test material is T300 CFRP unidirectional laminate with 
a thickness of 5 mm and 40 plies. In order to better simu-
late the orthogonal cutting test of 0° ~ 180° ~ 360° all fiber 
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cutting angle, the material was processed into a disc work-
piece with a diameter of 100 mm. In order to ensure the uni-
formity of the fiber bonding strength, 1.5 mm was removed 
from both sides of the disc, and 2 mm was removed from the 
radial circumference of the circle, so that a convex table with 
a thickness and height of 2 mm was formed around the cir-
cumference of the CFRP disc; a 2-mm notch was machined 

on the circumference of the disc to mark the position of each 
cutting angle. Table 2 shows the composition of the work-
piece material CFRP (T300-12 K/AG80); Table 3 shows the 
physical/mechanical properties of workpiece materials. The 
tool used in the test is diamond PCD lathe blade (Model: 
DCMT07020), the geometric parameters of the tool are con-
sistent with those in the simulation, and the radius of the 

Fig. 3  CFRP defect analysis 
(θ = 90°). a Ordinary cut-
ting. b Torsional ultrasonic-
assisted cutting. c Longitudinal 
ultrasonic-assisted cutting

Fig. 4  CFRP defect analysis (θ = 45°). a Ordinary cutting. b Torsional ultrasonic-assisted cutting. c Longitudinal ultrasonic-assisted cutting
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blade blunt circle is about 5 ~ 10 μm, which is basically the 
same as the diameter of a single filament.

The test was carried out on the sphere360 ultra preci-
sion diamond lathe; the AE sensor was used to collect 
and monitor the processing status and the fracture form 
of the fiber online. The ultrasonic vibration system used 
in the test includes the following: the 35 kHz ultrasonic 
generator developed by the research group, piezoelectric 
ceramic transducer, and one-dimensional vibrating coni-
cal horn designed according to the test requirements. The 
test site of ultrasonic-assisted orthogonal cutting of CFRP 
disc is shown in Fig. 6. In order to simulate the vibration 
of the main cutting edge of the tool in contact with the 
fiber in the process of longitudinal-torsional ultrasonic-
assisted cutting, the CFRP of longitudinal-torsional ultra-
sonic-assisted cutting was decomposed into longitudinal 
ultrasonic vibration of the tool and torsional ultrasonic 
vibration of the tool.

According to the actual processing conditions, the ultra-
sonic-assisted orthogonal cutting test of the CFRP unidirec-
tional lamination plate disc takes three different processing 
modes as the processing mode factors investigated in this test: 
ordinary mode, tool-added torsional vibration, and tool-added 
longitudinal vibration. Taking fiber cutting angle, cutting 
speed, and ultrasonic amplitude as the processing parameter 

factors investigated in this test. In order to reduce the impact 
of tool wear on the machining results, a new blade shall be 
replaced every time a parameter is changed for machining, so 
as to ensure the reliability and comparability of each group of 
test data. The test parameters are shown in Table 4. Analyze 
the surface quality of processed CFRP after the test; the sur-
face roughness index Ra of the machined surface of CFRP disc 
was measured by Beijing time 3221 probe surface roughness 
instrument. The sampling length is 0.8 mm, the number of 
samples is 4, and the measurement distance is 3.2 mm. The 
machined surface morphology of the circumference of CFRP 
disc was observed by SEM scanning electron microscope, the 
disc workpiece was fixed by a special fixture, and the work-
piece can be rotated during observation to obtain the surface 
topography of any fiber angle.

The surface morphology of 90° fiber cutting angle was 
observed by SEM, as shown in Fig. 7, Fig. 7a shows the typi-
cal morphology of pits formed by bending and fracture near 
the fiber cutting angle of 90° during traditional processing, and 
Fig. 7b shows the typical morphology of smooth plane formed 
by shear fracture near 90° of fiber cutting angle during tor-
sional ultrasonic-assisted machining. It can be seen from Fig. 7 
that there are many damages during traditional cutting, and the 
fiber-resin debonding has a serious expansion phenomenon, and 
fibers are mainly bent and broken. In the process of ultrasound-
assisted cutting, the larger instantaneous concentrated energy 
generated by ultrasonic impact force promotes the rapid fracture 
of fiber, inhibits the generation and expansion of debonding 
phenomenon, and the matrix failure phenomenon is less, which 
indicates that ultrasonic machining can effectively inhibit the 
surface damage of CFRP. The experimental results are in good 
agreement with the simulation results.

4  Analysis and discussion of test results

In order to investigate the weakening effect of processing 
parameters and processing methods on the fiber direction of 
the processed surface quality, the difference I between the 

Fig. 5  CFRP defect analysis (θ = 135°). a Ordinary cutting. b Torsional ultrasonic-assisted cutting. c Longitudinal ultrasonic-assisted cutting

Table 2  Composition of CFRP laminates

Reinforced 
material

Matrix 
material

Density/g/
cm3

Fiber 
volume 
fraction/

Average fiber 
diameter/μm

T300 AG80 1.76 60 7

Table 3  CFRP mechanical/physical properties

Tensile strength/MPa Tensile modulus/GPa Elongation/%

3530 230 1.5
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maximum and minimum roughness in a cutting fiber angle 
cycle is taken as the index of weakening the influence of 
fiber directivity, the incremental parameter I = Ramax-Ramin, 
under normal circumstances, when the value of I is small, 
the directionality of the fiber is not obvious; on the contrary, 
the directionality is more significant.

Fig. 6  Ultrasonic-assisted orthogonal cutting CFRP disc test device and test tool

Table 4  Test parameter

Machining parameter Level

Spindle speed (r/min) 110,166,221,276
Ultrasonic amplitude (μm) 0,2,4,6

(a) Fiber shear fracture 

(b) Fiber bending fracture

Fig. 7  CFRP surface by SEM
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4.1  Effect of cutting speed on surface quality

Figure 8 shows the change curve of surface roughness index 
Ra with fiber cutting angle under different cutting speeds in 
the traditional processing mode. It can be seen that the sur-
face roughness value presents two larger values in a disc cut-
ting cycle, in the first and third quadrants; the surface quality 
is relatively good in the second and fourth quadrants. When 
the speed is n = 110 r/min, the surface quality deteriorates 
rapidly, and fiber directivity is abnormal and significant. At 
this time, I = 9.68, while the roughness increment I decreases 
with the increase of speed. It can be seen that the roughness 
increment parameter I decreases with the increase of the 
speed; that is, high-speed machining can effectively weaken 
the directionality of the fiber.

Figure 9 shows the additional torsional vibration of the 
tool (A = 4 μm. f = 35 kHz); the change curve of cutting 
speed to surface roughness with fiber direction angle, com-
pared with traditional processing, and the addition of tor-
sional vibration effectively reduce the surface roughness; at 
the same time, the separation between the workpiece and the 
tool occurs when n < 2πfA. The reason is that the torsional 
vibration reduces the deflection curvature when the fiber 

breaks, the instantaneous high-energy impact force makes 
the fiber shear fracture before bending deformation occurs, 
the fracture energy of fibers mainly comes from the action 
of ultrasonic, and the effect of speed is no longer significant, 
so with the change of speed, the surface quality does not 
change much.

By analyzing the roughness increment parameter I in 
Fig. 9, it is found that the ultrasonic processing is reduced 
compared with the traditional processing at the same pro-
cessing speed, especially in the low-speed machining area; 
the increment parameter decreases significantly, indicating 
that ultrasonic plays a better role in the low-speed area. 
When n > 2πfA, that is, n = 276 r/min, the roughness value 
and increment parameter I increase rapidly, and the influ-
ence of fiber directivity on surface quality increases. When 
n < 2πfA is processed at low-speed, the contribution of 
ultrasonic action to fiber fracture is prominent, the surface 
quality is relatively good, and the influence of directivity 
is also well suppressed.

Figure 10 shows the additional longitudinal vibration 
of the tool (A = 4 μm. f = 35 kHz) at different speeds; the 
change of cutting speed on surface roughness with fiber 
direction angle and the improvement of the sharpness of 

Fig. 8  Relationship between 
roughness and speed with “θ” 
under traditional machining

Fig. 9  Relationship between 
roughness and speed with “θ” 
under torsional vibration
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the cutting tool in this way leads to the reduction of the 
contact area between the cutting edge of the tool and the 
fiber. When the cutting force acts, the internal stress of the 
fiber in the contact area increases and quickly reaches the 
fracture limit, and the extrusion fracture of fibers reduces 
the occurrence of damage, thereby effectively improving 
the surface quality.

By comparing the roughness increment parameter I at the 
same speed in Figs. 9 and 10, it is found that the influence range 
of longitudinal vibration processing on roughness is smaller 
than that of torsional vibration; with the increase of velocity, the 
change of roughness increment parameter I during longitudinal 
ultrasonic vibration shows a slightly decreasing trend.

4.2  (2) Effect of ultrasonic amplitude on surface 
quality

Figure 11 shows the change of ultrasonic amplitude on sur-
face roughness with fiber direction angle when the tool is 
subjected to additional torsional vibration (n = 110 r/min, 
f = 35 kHz). It can be seen from the figure that the sur-
face roughness decreases significantly with the increase of 

amplitude; however, when the amplitude is small, the effect 
of ultrasonic does not show any advantage; the reason is 
that at this time, the critical speed of ultrasonic is low, the 
rotational linear velocity of the workpiece is greater than 
the critical speed of ultrasonic, and the effect of ultrasonic 
disappears. As with the traditional processing method, the 
fiber fracture is mainly due to the effect of speed. The rough-
ness increment parameter I is analyzed; with the increase of 
amplitude, the value of I decreases rapidly; it shows that the 
greater the amplitude is in a certain range, the more obvious 
the inhibition of the influence on fiber directivity.

5  Conclusions

Through the establishment of finite element simulation 
model of ultrasonic-assisted cutting CFRP and the experi-
ment of ultrasonic-assisted cutting CFRP disc, the influence 
mechanism of machining methods and processing param-
eters on CFRP surface quality is explored. The main conclu-
sions are as follows:

Fig. 10  Relationship between 
roughness and speed with “θ” 
under longitudinal vibration

Fig. 11  Relationship between 
roughness and amplitude with 
“θ” under torsional vibration
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• The simulation results show that the damage degree of 
CFRP is reduced by the introduction of ultrasonic; the 
surface quality of torsional ultrasonic-assisted machining 
is the best, followed by longitudinal ultrasonic-assisted 
machining. Fiber cutting angle has significant influence 
on material machining damage.

• The experimental results show that the introduction of 
ultrasonic changes the fracture mode of fiber and can 
effectively reduce the surface roughness value, especially 
when the tool is subject to additional torsional vibration, 
the fiber removal method is given priority to with shear 
fracture, and the surface roughness value of the area with 
severe pits decreases by about 4 ~ 6 μm.

• The fiber cutting angle is the main factor affecting the 
roughness of CFRP cutting surface. The ultrasonic effect 
is better in the low-speed area, and the influence of fiber 
directivity will be weakened in the high-speed machining.

• Ultrasonic-assisted machining has changed the material 
removal mechanism in CFRP cutting process. Large ampli-
tude and small cutting speed can obtain better ultrasonic 
machining effect, and large amplitude and high cutting speed 
can effectively inhibit the influence of fiber directivity.
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